Summary. Bovine granulosa cells were exposed in vitro to various adrenal steroids (cortisol, cortisone, corticosterone, aldosterone; 1 \g=m\mol/1), in the presence and absence of stimulation by ascorbic acid (0\ m=. \ 5 mmol/1), to determine the possible effects of these hormones on ovarian oxytocin and progesterone secretion. Only cortisol produced a consistent stimulation of the cells; the response was dose-related over the range 0\m=.\01to 1\m=.\0 \ g=m\ mol / 1 and was greatly enhanced in the presence of ascorbate. The secretion of oxytocin was stimulated to a greater extent and with more consistency than was that of progesterone. Although the secretion of oxytocin could be stimulated by cortisol on the day of treatment, the cells also showed a delayed and persistent response to exposure earlier in the culture. It is concluded that cortisol may directly stimulate the secretion of ovarian oxytocin in the cow and that granulosa cells may respond in such a way as to smooth out the effects of short-term fluctuations in cortisol concentration.
Introduction
has reviewed and discussed the interactions which occur at several levels between the adrenal axis and the reproductive system. Compared with interactions at the hypothalamicpituitary level, little is known about the direct effects of adrenocortical hormones on the ovary. In view of the associations between stress conditions, adrenal activity and cyclic ovarian function in several species (Hagino, 1972; Cunningham et al, 1975; Kanchev et al, 1976; Armstrong, 1986) it is of interest to establish the possible sites of hormone action.
Receptors for glucocorticoids have been identified in rat granulosa cells (Schreiber et al, 1982) and appear from in-vitro studies to mediate both inhibitory and stimulatory effects. For example, corticosterone and dexamethasone suppressed plasminogen activator production (Harlow et al, 1987) and at high concentrations reduced the induction of LH receptors and aromatase activity by FSH but enhanced FSH-stimulated progesterone secretion (Hsueh & Erickson, 1978; Adashi et al, 1981 ; Schoonmaker & Erickson, 1983) .
Evidence for direct ovarian effects of adrenal steroids in other animals is lacking, although cortisol has been used as a medium supplement during the serum-free culture of cow (Pate & Condon, 1982) and sow (Barano & Hammond, 1985) ovarian cells. Direct perfusion of the cow ovary with cortisol had no effect on ovarian steroid secretion (Wagner et al, 1977 ) and there appears to be no direct relationship between concentration and the stage of the oestrous cycle (Echternkamp & Hansel, 1973; Roussel et al, 1983; Spicer & Zinn, 1987) . Nevertheless, in studies on the regulation of oxytocin secretion by cultured bovine granulosa cells (Jungclas & Luck, 1986) , we observed that co-culture with pieces of adrenal tissue could enhance oxytocin but not progester¬ one secretion. Tissues from both medulla and cortex were stimulatory and subsequent studies suggested that the medullary effect might be due to catecholamines (Luck & Jungclas, 1987 , 1988 (Luck, 1988) ; thus it is possible to examine potential stimulants for their separate effects on protein and steroid secretions.
Materials and Methods
Cell culture. Granulosa cells were obtained from carefully selected follicles of cows not in the follicular phase of the cycle, as previously described (Jungclas & Luck, 1986; Luck & Jungclas, 1987 , 1988 (Jungclas & Luck, 1986; Luck & Jungclas, 1987) (Webley & Luck, 1986 ) with a working range of 0-6-65 nmol/1. Samples were diluted 1:10, 1:100 or 1:1000 in assay buffer; uncultured treatment media at these concentrations contained no detectable progesterone. Interassay coefficients of variation for the oxytocin and progesterone assays were 11% and 13% respectively; intra-assay variation was <5% in both cases.
Treatments. Adrenal steroids (cortisol, cortisone, corticosterone and aldosterone; from Sigma, Diesenhofen, F.R.G.) were prepared as stock solutions in ethanol and diluted in culture medium to the required concentration at the start of each experiment. In each experiment the control contained ethanol at an equivalent concentration (final dilution 1:1000). This amount of ethanol had no significant effect on hormone secretion (Fig. 1) . Ascorbic acid was used in all experiments at 0-5 mmol/1 and was diluted in culture medium at the start of the experiment (Luck & Jungclas, 1988) . Solutions were sterilized by passage through a 0-2 pm membrane filter (Schleicher & Schuell, Dassel, F.R.G).
Data presentation. Each of the reported experiments was carried out at least twice and with essentially similar results, despite variations in the absolute levels of hormone secreted by the different batches of cells. As in previous studies with bovine granulosa cells (Jungclas & Luck, 1986; Luck & Jungclas, 1987 , 1988 Luck, 1988) oxytocin secretion was not detectable on the 1st day of culture and was maximal on the 3rd day. Accordingly, for experiments 53-7 ± 2-1 64-3 ± 4-9
Not tested 66-4 ± 3-4 58-5 ± 4-7 1-3** 1-2** 1-2** 1.2** II 2-2*** 2-3*** 2-1*** 2-5*** 21*** 1-9*** 1-7*** *P < 0-05; **P < 001; ***P < 0001 (analysis of variance). whereas cortisol, corticosterone and aldosterone caused a significant increase in progesterone secretion. In the presence of ascorbate, these three steroids also stimulated oxytocin secretion but aldosterone lost its effect on progesterone secretion. The relative stimulation of oxytocin was greatest with cortisol and similar under both conditions. None of the treatments affected cell morphology or proliferation in culture (assessed visually by light microscopy).
Experiment 2
Cortisol (Fig. 1) caused a significant and dose-dependent increase in the secretion of oxytocin at concentrations between 0-05 and 1 -0 µ / ; ascorbate greatly enhanced the level of secretion and magnified the dose effect, slightly sensitizing the cells to lower doses of cortisol (ED50 without ascorbate: 0·14µ 1/1, with ascorbate: 0·10µ 1/1, calculated from data in Fig. 1 ). Progesterone secretion was stimulated by cortisol at a concentration of 0-1 µ / but the effects of higher doses were inconsistent in the absence of ascorbate and there was only a limited dose-dependent increase in the presence of ascorbate. The effects of increasing concentrations of aldosterone (Fig. 2) were smaller and inconsistent. The 0-1 µ / dose was stimulatory to oxytocin in the presence of ascorbate but mildly suppressive in the absence of ascorbate, and the maximum stimulation at a concentration of 10µ 1/1 was 1-5-fold compared with more than 2-fold at the higher concen¬ trations of cortisol. The stimulation of progesterone secretion by aldosterone was also small (maximum 1-5-fold) and inconsistent with respect to dose.
Experiment 3
The response to cortisol varied with time of culture at which it was given (Fig. 3) 
Discussion
These experiments provide evidence that adrenal steroids, particularly cortisol, can directly stimulate bovine granulosa cells. Cortisol produced a dose-dependent stimulation of oxytocin at concentrations between 005 and 10 µ /l. This may represent the high physiological range since the concentration of cortical steroids in the plasma of normal cattle appears to be between 001 and 0-15 µ / (Garverick et al, 1971; Swanson et al, 1972; Li & Wagner, 1983; Roussel et al, 1983) , rising to over 0-5 µ / during stress (Welsh & Johnson, 1981; Echternkamp, 1984; Alam & Dobson, 1986 (Luck & Jungclas, 1986 or FSH (Schams, 1987 (Luck & Jungclas, 1988; Luck, 1988) . Its effect on oxytocin production occurs at a very early stage of culture, probably through an enhancement of precursor processing rather than hormone release (Eipper et al, 1983; Luck & Jungclas, 1988 (Luck & Jungclas, 1988) . Presumably, the effect in vivo of such a persistence of response would be to smooth out the effects of short-term fluctuations in cortisol concentration and produce a steady increase in secretion.
The effects of cortisol on the secretion of oxytocin in vivo remain to be seen. Treatment of cows with a synthetic, fluorinated glucocorticoid, betamethasone, can prolong luteal function (Kanchev et al, 1976; Dobson et al, 1987) in the absence of profound changes in progesterone secretion, although whether this is a response to the drug itself or to the resulting adrenal suppression is not yet clear. Since luteal oxytocin is apparently involved the control of luteolysis (Flint & Sheldrick, 1986) 
